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Abstract 

The  CoOOH  film  on  the  nickel  foil  is  fabricated  via  layered  hydroxide  cobalt  acetate  (LHCA)  film  with  nanosheets  morphology,  which  is 
synthesized  by  chemical  bath  deposition  method.  The  LHCA  nanosheets  film  is  converted  into  CoOOH  fine  nanoflake  films  with  high  porous  and 
high  surface  area  by  the  oxidation  reaction  based  on  the  dissolved  oxygen  in  KOH  solution.  The  intercalated  acetate  into  the  LHCA  layer,  which 
is  strong  basic  species,  caused  the  oxidation.  The  electrochemical  capacitance  property  of  the  resultant  CoOOH  fine  nanoflake  film  is  studied  by 
cyclic  voltammetry  (CY).  In  the  CY,  a  good  high  rate  property  is  indicated  by  the  results  of  CV  at  high  rate  scan.  It  is  caused  by  the  specific 
morphology  of  the  CoOOH  fine  nanoflake  films. 

©  2005  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

An  electrochemical  capacitors  based  on  the  electric  dou¬ 
ble  layer  (EDLC)  is  suitable  for  a  high  power  energy  storage 
system,  which  could  be  used  for  the  hybrid  electric  vehicles 
(HEY).  Moreover,  the  electrochemical  capacitors  with  pseudo¬ 
capacitance  such  as  Ru02,  Ir02,  and  NiO  have  been  focused  in 
recent  years  because  those  capacitors  have  larger  energy  den¬ 
sity  than  that  of  EDLC  [1-3].  The  cobalt  compounds  capacitors 
including,  CoOx,  C03O4,  and  Co(OH)2  are  also  studied  for  the 
same  reason  [4-6]. 

In  order  to  fabricate  the  high  power  energy  storage  device, 
the  synthesis  of  nanoparticle  and  high  porous  materials  is  an 
important  point  because  the  high  surface  area  produces  the  large 
reaction  place  and  a  lot  of  pores  cause  rapid  transfer  of  the  elec¬ 
trolyte  [7].  The  metal  oxide  films  via  metal  hydroxide  [8-11], 
which  is  directly  synthesized  on  the  substrate  by  chemical  bath 
deposition  (CBD),  are  suitable  for  the  electrochemical  devices 
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because  the  micro-  and  nanostructure  film  with  high  surface  area 
and  high  porous  morphology  is  easily  obtained.  In  processes 
of  synthesizing  metal  oxide  powders,  nano  structural  material 
design  as  film  is  generally  difficult  to  accomplish  because  heat¬ 
ing  at  high  temperatures  is  necessary  for  fixing  of  the  powder 
on  the  substrate  as  the  films.  During  high-temperature  processes, 
the  sintering  and/or  aggregation  of  nanosized  metal  oxide  grains 
can  occur,  leading  to  loss  of  nanostructural  features.  Generally, 
the  CBD  has  been  utilized  for  preparing  various  kinds  of  metal 
oxides  and  sulfides  because  thin-film  materials  can  be  fabricated 
at  low  temperatures  without  expensive  and  special  apparatus 
required  for  vapor-phase  techniques  [12].  The  chemical  reaction 
in  the  solution  produces  less  soluble  chemical  species  and  causes 
a  low  degree  of  supersaturation  of  the  solutions,  which  results  in 
heterogeneous  nucleation  on  foreign  substrates  [13].  The  most 
important  aspect  of  the  CBD  is  the  preservation  of  low  degrees  of 
supersaturation.  High  degrees  of  supersaturation  induce  homo¬ 
geneous  nucleation  rather  than  the  film  formation.  Thus  the 
CBD  process  is  promising  as  unique  chemical  routes  to  produce 
nano  structured  films  in  a  “soft”  manner.  Metal  hydroxide  com¬ 
pounds,  expressed  by  layered  hydroxide  metal  salts  (LHMSs)  in 
a  general  formula  of  M^OH^XL-ffirLO  (M:  metal,  X:  anion), 
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can  be  also  synthesized  by  CBD  process  [14-16].  Morphologies 
of  these  materials  are  characterized  by  nanosheets  morphology 
based  on  their  layered  crystal  structure.  Pyrolysis  of  nanostruc- 
tured  metal  hydroxide  results  in  nanostructured  metal  oxides, 
which  have  large  surface  area  without  microstructural  deforma¬ 
tion.  So,  LHMSs  can  be  used  as  “self-templates”  for  producing 
nanostructural  metal  oxide  films  because  the  nanosheets  mor¬ 
phology  is  similar  to  LHMSs  films  [8-11]. 

Here,  we  show  the  solution  synthesis  of  CoOOH  film  on  the 
nickel  foil  via  LHCA  film  by  the  CBD  process.  On  the  surface 
facing  the  bottom  of  the  bottle  (under  side),  the  LHCA  thin  film 
constructed  by  nanosheets  is  fabricated  and  the  thick  film  con¬ 
structed  by  aggregated  nanosheets  is  foamed  on  the  top  side  of 
the  nickel  foil  surface.  In  this  work,  we  never  conducted  the 
heat  treatment  for  pyrolysis  and  oxidation  reaction  to  obtain  the 
CoOOH  films  on  the  substrate.  The  LHCA  film  is  converted 
into  CoOOH  by  oxidation  due  to  the  dissolved  oxygen  in  the 
KOH  solution.  The  nanosheets  morphology  is  changed  to  the 
fine  nanoflake  morphology  with  a  large  surface  area.  Generally, 
CoOOH  is  known  as  the  high  conductive  materials  of  5  S  cm-1 
[17-19].  Hence,  the  capacitor  property  using  this  CoOOH  fine 
nanoflake  film  indicates  good  high  rate  property  based  on  the 
high  surface  area,  a  lot  of  mesopores  and  good  electronic  con¬ 
ductivity. 

2.  Experimental 

Solutions  for  the  CBD  process  were  prepared  by  dissolv¬ 
ing  Co(CH3COO)2-4H20  (99.9%  purity,  Wako  Pure  Chemicals 
Co.,  Ltd.)  in  methanol/water  mixed  solution.  The  volume  ratio 
of  water/methanol  was  4:1.  A  concentration  of  metal  ions  was 
adjusted  to  0. 15  mold  m-3 .  Nickel  foil  was  used  as  substrates  for 
the  deposition.  The  nickel  foils  were  put  into  bottles  filled  with 
the  solutions  and  sealed  up,  then  were  kept  at  60  °C  for  12  h 
in  a  drying  oven.  After  the  deposition,  the  LHCA  films  were 
rinsed  by  ethanolic  solution  (ethanol : methanol: water  =  95:5:5) 
and  were  dried  at  room  temperature.  The  LHCA  films  were  put 
into  bottles  filled  with  the  1 .0  M  KOH  solutions  and  sealed  up, 
and  were  kept  at  room  temperature  for  12  h.  The  LHCA  films 
were  converted  into  CoOOH. 

The  crystal  structure  was  identified  by  X-ray  diffraction 
(XRD)  analysis  using  Cu  Ka  radiation  in  the  20  range  5-80° .  The 
morphology  was  observed  by  field  emission  scanning  electron 
microscopy  (FESEM)  and  high-resolution  transmission  electron 
microscopy  (HRTEM).  The  specific  surface  area  was  estimated 
by  the  BET  method  based  on  the  N2  adsorption. 

For  electrochemical  measurement,  the  fabricated  CoOOH 
film  on  the  nickel  foil  was  used  as  working  electrode.  The  ref¬ 
erence  and  counter  electrode  were  SCE  electrode  and  titanium 
mesh,  respectively.  A  1  moldm-3  KOH  aqueous  solution  was 
used  as  electrolyte. 

3.  Results  and  discussion 

Fig.  1(a)  shows  XRD  patterns  of  the  powder,  which  is 
obtained  by  mixing  the  scratched  film  from  the  surface  facing 
the  bottom  of  the  bottle  and  precipitated  film  on  the  opposite 
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Fig.  1.  XRD  patterns  of  the  (a)  LHCA  and  (b)  CoOOH  films.  The  measurement 
is  conducted  by  using  those  powders,  which  are  scratched  from  the  nickel  foil. 

surface,  after  immersion  in  the  precursor  solution  at  60  °C  for 
12  h.  In  Fig.  1  (a),  the  first  three  diffraction  peaks  in  lower  diffrac¬ 
tion  angles  are  explained  as  (0  0  3),  (0  0  6)  and  (0  0  9)  of  layered 
hydroxide  cobalt  acetate  (Co(OH)2-x(Ac)x*nH20  with  (v,  n) 
in  a  range  of  (0.38-0.50,  0.53-0.50)  having  features  typical  of 
incompletely  ordered  lamellar  compounds  related  to  brucite  type 
layers  [14,20]. 

Fig.  1(b)  shows  XRD  patterns  of  the  film  obtained  by  the 
immersion  of  LHCA  film  into  the  1  M  KOH  solution  for  12  h. 
The  film  is  scratched  from  the  substrate  after  the  immersion  in 
the  KOH  solution.  All  the  diffraction  peaks  agree  with  those 
of  CoOOH  form  (JCPDS:  No.  07-0169).  So,  the  LHCA  with 
Co2+  is  converted  into  CoOOH  with  Co3+  by  the  immersion 
into  the  KOH  solution.  The  oxidation  from  2+  to  3+  of  cobalt 
in  cobalt  hydroxide  by  oxygen  in  the  KOH  solution  is  reported 
because  the  stability  of  Co3+  in  KOH  solution  is  well  known 
[21].  However,  commercial  (3-Co(OH)2  (JCPDS:  No.  45-0031) 
was  not  converted  into  CoOOH  in  1  M  KOH  solution  for  12  h. 
In  a  word,  Co2+  is  oxidized  by  oxygen,  when  the  pH  is  greatly 
larger  than  that  of  1  M  KOH.  It  is  considered  that  the  oxidation  in 
this  work  using  1  KOH  solution  is  based  on  intercalated  acetate 
ion  in  the  LHCA  because  the  acetate  ion  behavior  as  strong 
basic  species  [22]  in  our  previous  works.  In  the  paper,  Ac-  was 
produced  the  similar  state  to  the  high  pH  condition  in  spite  of 
neutral  pH  condition  because  the  Ac-  ions  can  act  as  a  strong 
base  because  of  the  smaller  dissociation  constant,  Ka,  of  acetic 
acid.  For  example,  Ka  value  is  as  small  as  10-9.7  in  methanol 
[23].  Therefore,  LHCA  is  oxidized  into  CoOOH  by  dissolved 
oxygen  in  the  system  of  1  M  KOH  solution  with  Ac-,  which  is 
similar  to  the  high  pH  condition. 

Fig.  2(a)-(c)  are  the  FE-SEM  images  of  the  LHCA  films. 
Fig.  2(a)  (top  view)  and  (b)  (side  view)  are  the  images  of  the 
film  on  the  surface  facing  the  bottom  of  the  bottle.  Fig.  2(c) 
is  the  image  of  the  opposite  surface.  We  can  see  the  vertically 
grown  LHCA  nanosheets  in  Fig.  2(a)  and  (b),  which  are  grown 
on  the  flatly  covered  LHCA  sheet  on  the  substrate  due  to  the  con¬ 
centration  gradient.  The  growth  foam  is  similar  to  the  layered 
hydroxide  zinc  acetate  and  nickel  acetate  [9,10].  On  the  other 
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Fig.  2.  FE-SEM  images  of  the  ((a)-(c))  LHCA  and  ((d)— (f))  CoOOH  film.  The  images  of  (a),  (b),  (d),  (e)  and  (c)  and  (f)  are  the  film  on  the  surface  facing  the  bottom 
of  the  bottle  and  the  opposite  surface,  respectively. 


hands,  the  aggregated  nanosheets  on  the  flatly  covered  LHCA 
on  the  substrate  are  observed  from  the  images  of  the  top  side 
of  the  nickel  foil  as  shown  in  Fig.  2(c).  It  is  considered  that  the 
morphology  is  fabricated  as  shown  in  Scheme  1 .  The  aggregated 
nanosheets,  which  are  formed  by  homogeneous  nucleation,  are 
precipitated  on  the  LHCA  covered  top  side  surface  based  on  the 
heterogeneous  nucleation.  The  resultant  morphology  based  on 
the  homo  and  heterogeneous  nucleation  is  not  similar  to  that  of 
the  surface  facing  the  bottom  of  the  bottle  based  on  only  het¬ 
erogeneous  nucleation.  Fig.  2(d)-(f)  are  the  FE-SEM  images  of 
the  CoOOH  films.  Fig.  2(d)  (top  view)  and  (e)  (side  view)  are 
the  images  of  the  film  on  the  surface  facing  the  bottom  of  the 
bottle.  Fig.  2(f)  is  the  image  of  the  top  side  surface.  The  frame¬ 
work  of  the  LHCA  nansosheet  film  in  the  scale  of  micrometer 
is  maintained.  However,  the  morphology  of  each  nanosheets  in 
the  nanoscale  is  not  maintained.  Each  LHCA  nanosheet  is  con¬ 
verted  into  further  fine  nanoflake.  The  morphology  change  of 
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Scheme  1 .  The  model  of  the  film  formation  by  the  homogeneous  nucleation  and 
the  heterogeneous  nucleation  of  the  nickel  foil  in  a  bottle. 


Fig.  3.  TEM  images  of  the  (a)  LHCA  and  (b)  CoOOH  films. 


782 


E.  Hosono  et  al.  /  Journal  of  Power  Sources  158  (2006)  779-783 


Voltage  /  V(vs.SCE)  Voltage  /  V(vs.SCE) 


Voltage  /  V(vs.SCE) 


Voltage  /  V(vs.SCE)  Voltage  /  V(vs.SCE)  scan  rate  /  mVs1 


Fig.  4.  The  CV  curves  of  the  CoOOH  films  by  various  rate  ((a)  lOmVs  ,  (b)  50mVs  ,  (c)  100 mV  s  ,  (d)  250 mV  s  ,  and  (e)  500 mV  s  !)  and  (f)  the 
relationship  between  capacitance  and  scan  rate.  The  CV  and  cycling  testing  is  performed  over  the  voltage  range  of  open-circuit  potential  (around  —0.15  V)-0.4  V 


vs.  SCE  reference  electrode. 

the  nanosheet  is  observed  by  the  TEM  as  shown  in  Fig.  3.  The 
image  of  LHC  A  nanosheet  in  Fig.  3(a)  indicates  the  flat  sheet 
structure  with  thickness  of  several  nm.  On  the  other  hands,  the 
CoOOH  image  in  Fig.  3(b)  shows  the  fine  nanoflake  derived 
from  the  LHC  A  sheet.  This  fine  nanoflake  morphology  has  a 
high  surface  area  of  about  100  m2  g"1 .  The  porosity  of  the  film, 
which  is  estimated  by  the  adsorption  isotherm  of  N2,  is  around 
65%.  The  resultant  film  morphology  with  the  micrometer-scale 
pores  based  on  the  original  LHCA  structure  and  nanometer- 
scale  pores  due  to  the  CoOOH  fine  nanoflake  is  suitable  to  the 
electrochemical  devices. 

The  electrochemical  properties  of  CoOOH  films  are  tested  via 
cyclic  voltammetry  (CV)  as  shown  in  Fig.  4.  The  capacitance  is 
calculated  from  CV  at  the  20th  cycle.  The  C V  and  cycling  testing 
were  performed  over  the  voltage  range  of  open-circuit  poten¬ 
tial  (around  —  0.15  V)-0.4V  vs.  SCE  reference  electrode.  The 
CV  curves  (10-500  mV  s"1)  are  presented  in  Fig.  4.  All  cycles 
present  the  cathodic  peak  at  around  0.15V  and  the  anodic  peak  at 
around  0.05  V.  In  many  reports  for  electrochemical  property  of 
Co(OH)2  and  C03O4,  the  potential  for  electrochemical  oxidation 
and  reduction  of  cobalt  compounds  are  as  follows  [4,5,24,25]. 

3Co(OH)2  +  20H" 

Co304  +  4H20  +  2e"  (0. 1-0.2  V  vs.  SCE) 


CoOOH  +  OH"  Co02  +  H20  +  e"  (0.4-0.5  V  vs.  SCE) 

However,  in  this  work,  the  oxidation  from  the  Co2+  to  Co3+ 
cannot  occur  because  the  CoOOH  constructed  by  only  trivalent 
cobalt  is  used  as  starting  materials.  Barde  et  al.  reported  that  the 
fabrication  of  Cox4+Coi_x3+OOH  and  the  reduction  potential 
from  Co4+  to  Co3+  is  around  0.1  V  (SCE)  [26].  It  is  considered 
that  the  redox  peaks  in  Fig.  4  are  caused  by  the  reversible  elec¬ 
trochemical  oxidation  and  reduction  between  Co3+  and  Co4+. 

From  the  all  CV  curves  by  various  rate  from  10  to 
500  mV  s"1 ,  we  can  see  good  cycle  property  from  the  first  cycle 
to  the  20th  cycle.  Fig.  4(f)  indicates  the  relationship  between 
capacitance  and  scan  rate.  The  capacitance  around  200  Fg"1  is 
not  decrease  as  increasing  the  rate  from  10  to  100  mV  s"1.  In 
spite  of  very  high  rate  of  250  and  500  mV  s"1,  the  capacitances 
of  the  79.1%  and  63.6%  of  that  at  lOmVs"1  are  remained, 
respectively.  Moreover,  the  relationship  between  the  current 
peak  and  scan  rate  indicate  the  linear  like  EDLC.  The  high  elec¬ 
trochemical  performance  at  high  scan  rate  is  based  on  the  high 
conductive  nature  of  CoOOH  and  morphology  control  of  the 
micrometer/nanometer  scale.  The  high  surface  area  based  on 
the  nanostructure  causes  the  high  rate  interface  reaction  between 
the  materials  and  electrolyte,  and  microscale  structure  results  in 
rapidly  transfer  of  electrolyte. 

4.  Conclusions 


C03O4  +  OH-+H2O 

3CoOOH  +  e"  (0. 1-0.2  V  vs.  SCE) 


We  fabricated  the  electrochemical  capacitor  with  a  good  high 
rate  performance  based  on  the  micro-  and  nanostructural  control 
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of  the  CoOOH.  The  CoOOH  film  is  directly  fabricated  on  the 
nickel  foil  via  LHCA,  which  is  synthesized  by  chemical  bath 
deposition.  The  CoOOH  fine  nanoflake  film  is  obtained  by  oxi¬ 
dation  of  LHCA  due  to  the  dissolved  oxygen  in  KOH  solution. 
In  this  work,  electrochemical  device  with  film  morphology  is 
obtained  by  simple  solution  method  without  any  heating  process. 
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